ABSTRACT: In studies of the salmon louse Lepeophtheirus salmonis (Krøyer, 1837), experimental design is complicated by a highly variable and unpredictable lice loss among common experimental tanks and a substantial rate of host transfer within tanks. When fish hosting L. salmonis are maintained in individual tanks, unspecific effects such as host transfer, louse predation by cohabitant hosts and agonistic host interactions are excluded. This study suggests that it is possible to maintain Atlantic salmon Salmo salar infected with L. salmonis in an array of small, single fish tanks and, by doing so, provide an experimental system in which the loss of motile pre-adult and adult stages of L. salmonis is predictable. Here, lice can be collected shortly after detachment for detailed studies or to provide mortality curves of lice from individual fish. This represents an experimental approach improving precision in studies of L. salmonis, such as drug and vaccine efficacy assays, RNA interference (RNAi) studies and host−parasite interactions. The natural loss of pre-adult/adult L. salmonis from the system was higher for males than females. The loss of females appeared to be a process somewhat selective against large individuals. Inherent qualities of the host appeared to be of little significance in explaining the variability in loss of preadult/adult lice. 
INTRODUCTION
The salmon louse Lepeophtheirus salmonis is an ectoparasitic copepod causing large economical losses in the fish farming industry (Rae 2002 , Johnson et al. 2004 , Westcott et al. 2004 ) and represents a serious threat to wild salmonids (Heuch & Mo 2001 , Butler 2002 , Todd et al. 2004 . Farmed salmon constitute the vast majority of hosts in several areas, and a substantial part of the total L. salmonis eggs produced originates from lice hosted by farmed fish (Heuch & Mo 2001 , Butler 2002 . To avoid a high infection pressure of L. salmonis in the sea it is therefore crucial to maintain a low infection level in the fish farms; however, the ability to do this has been compromised by an emerging resistance towards an already limited number of available drugs (Jones et al. 1992 , Sevatdal & Horsberg 2003 , Sevatdal et al. 2005 , Lees et al. 2008 ).
The life-cycle of Lepeophtheirus salmonis is characterised by 10 stages, each separated by a moult (Johnson & Albright 1991b) . This involves 2 planktonic non-feeding nauplii stages, a planktonic and infective copepodid stage, 4 chalimi stages in which the parasite is permanently attached to the host by a frontal filament, 2 motile pre-adult stages (I and II) and the final motile adult stage, where the motile stages are attached by filament only upon moulting (Johnson & Albright 1991a) . High and very variable unspecific loss of lice has been observed between experimental tanks during development (Bjorn & Finstad 1998 , Tucker et al. 2002a ) and a significant rate of host transfer has been observed within tanks (Ritchie 1997 , Hull et al. 1998 ). This complicates experimental design in several fields of L. salmonis research, in particular with respect to long-lasting efficacy assays such as evalu-ation of test vaccines against L. salmonis , Roper et al. 1995 , Pike & Wadsworth 1999 , Raynard et al. 2002 . Hosting L. salmonis in tanks with many small fish results in a considerably more unpredictable loss of lice, and female lice are lost at a higher rate than males ). Specific laboratory strains of L. salmonis have been established, and it has been shown that large host fish stocked at low density constitute a relatively stable environment for maintaining cohorts of L. salmonis over time, providing conditions where females generally are lost at a slightly lower rate than males ). Experience with cod lice Caligus curtus cultures show that the loss was reduced and became less variable when the hosts were maintained individually (Hamre & Nilsen 2007) . We, therefore, hypothesize that solitaire L. salmonis hosts maintained in small single fish tanks reduce unspecific lice loss and increase experimental precision. In this study, we evaluate the results of 4 separate experiments and (1) assess whether it is feasible to maintain small salmon infected with L. salmonis in a set of small single fish test tanks by observing growth and behaviour of fish, (2) examine the between-host variability in lice loss and its possible causes among individual fish maintained in single fish tanks, and (3) discuss the experimental potential of such a system with respect to efficacy assays and other fields of fish lice research.
MATERIALS AND METHODS
We conducted 4 successive and separate experiments (Trials 1 to 4) (Table 1) at the Institute of Marine Research in Bergen, Norway. The general experimental scheme involved culturing a set of reservoir lice to the pre-adult/adult stage, whereby 8 female and 8 male pre-adult/adult lice were removed from their original host and placed on new host fish that were subsequently put in 20 small single fish tanks (Trials 1-4) and a 200 l tank containing 20 fish (Trials 1 and 2). After a period of between 24 and 48 d the fish were sampled (see Table 1 ). Length and weight of the host fish were recorded at the beginning and end of each trial to assess growth (Trials 2 to 4). Each of the individual tank outlets was fitted with a net (1000 µm mesh), and daily lice loss was measured by collecting detached lice during Trial 4. At sampling, lice and egg strings were counted and photographed. Incubation of eggs and infection of reservoir fish with copepodids were carried out according to Hamre et al. (2009) . Lice belonging to the LsGulen laboratory strain (F8−F10) were used in all 4 trials (see Hamre et al. 2009 ).
The fish maintained individually were kept in an array of 20 small single fish tanks that were made of transparent, 55 l commercial plastic (PE) (Nordiska Plast AB, www.nordiska-plast.se) measuring 50 × 34 × 35 cm (internal measurements) (Fig. 1) . Water was fed to the small tanks by a perforated 32 mm tube going through all tanks ( Fig. 1 ) so that each tank received an equal water supply 7 cm above the bottom. The outlet was situated on the opposite side of the inlet, 17 cm above the bottom, in an attempt to establish a 1-way current through the tank for the fish to stay in. Water volume was 28 l and the flow was 4 l min −1 . The tanks were located outdoors. The 200 l fish tank was placed indoors and had a flow of 7 l m −1 (description in Hamre et al. 2009 ). Sea water was collected at a depth of 90 m.
In Trial 1 pre-adult I females and pre-adult II males were attached to 40 experimental fish: 20 fish were placed individually in the small test tanks and 20 fish were placed in the 200 l tank in order to compare lice loss and fish growth in the 2 systems. The duration of the experiment was 24 d. Trial 2 was initiated immediately after sampling of Trial 1 using the same fish. A new batch of pre-adult II females and adult males were attached to the fish immediately after the previous lice had been removed and the fish were returned to their respective tanks. Details on temperature, time and duration of all trials are given in Table 1 .
Trial 3 and 4 were duplicate trials originally designed to test the effect of the vaccine antigen candidate LsYAP (maternal yolk-associated protein) (Dalvin et al. 2009 ) against a BSA-injected control group. Except for the vaccination of fish, the experimental setup was similar to Trial 2, using seperate batches of fish but in the small test tanks only; with slightly varying ambient water temperatures and a prolonged experimental period (48 d) The reservoir lice for Trial 1 were cultured in an indoor 500 l tank (1 × 1 × 0.5 m, 12 h light:12 h dark); for Trials 2−4, the reservoir lice were cultured in outdoor 1500 l circular tanks. Prior to handling, all fish were anaesthetized by a mixture of 60 mg l −1 benzocaine and 5 mg l −1 methomidate. The fish were hand fed ad libitum once a day using a commercial diet and maintained according to Norwegian animal welfare regulations.
Mean lice abundance during Trial 4 was estimated for each day of the experiment by subtracting the cumulative number of lice collected in the nets from the number of lice initially placed on the fish. The daily instantaneous loss rate was calculated as:
where r = daily instantaneous loss rate, N = number of lice, and ΔT = number of days between T 1 and T 2 , i.e. start and end of the experiment, respectively. Images of whole lice with egg strings were obtained using a Canon EOS 30D camera and a 60 mm macro lens (lice placed on wet, white absorbent paper, lit from below). Morphometric measurements of lice and eggs were carried out on lice hosted by fish in single fish tanks using the ImageJ image analysis software (http://rsb.info.nih.gov/ij). All statistical calculations on morphometric and in fection data were carried out using Statistica 8.0 (www.statsoft.com).
Power analysis was performed using GraphPad StatMate 2.00 (http:// www.graphpad.com/StatMate/ statmate. htm). Spearman's rank correlation was used to test whether the loss from individual fish in Trial 1 was correlated to the loss from the same individual fish in Trial 2, and whether the loss of males was correlated with the loss of females (all trials). Simple analyses of variance (ANOVA) and covariance (ANCOVA) were used to test for differences in lice loss be tween trials. Data from Trials 2−4 (single fish tanks) were pooled and simple regression was used to describe the relationship between lice loss and host size. Simple regression was also used to describe the relationship between cephalothorax length and louse size for both male and female lice within each trial. All statistical tests were performed using Statistica 8.0.
Specific growth rate (SGR) was calculated as:
where W = fish weight, ΔT = number of days between times T 1 and T 2 . Host surface area was calculated according to Glover et al. (2004a) . The parasitological terms used are in accordance with Bush et al. (1997) .
RESULTS

Fish welfare
While the fish in the communal tank started eating the day after the start of experiment, the first fish in the single fish tanks lined up in the current of flow at Day 2 and started eating on Day 3. After ~1 wk, most of the fish had started eating. The fish were eager to take food and were otherwise surprisingly calm upon feeding and inspection. It is also our impression that over time the fish became better at collecting pellets from the tank bottom. Particles from excess food were flushed from the tanks and water quality was good (visual inspection). Some forward water flow towards the water inlet was observed along the sides of the tanks. The condition factor of the fish hosted in the single fish tanks were significantly lower than those hosted in the communal tank in Trial 1 (t-test, t = 6.2, p < 0.0001) (Table 2) ; however, after the fish had adapted to their new environment, the SGR was similar in single fish tanks and the common tank (Trial 2, Table 2 ). The infection level applied caused little observable damage to the host, and only a few cases of moderate skin erosion were observed with the exception of 3 fish that were euthanized due to skin wounds in Trial 4. These were not typical wounds caused by Lepeophtheirus salmonis, and microscopy (smear from wounds) revealed a high density of Flexibacter-like bacteria. Such infections occur from time to time on salmon in the laboratory during winter and are probably related to a deep water intake (90 m).
Lice loss and host−parasite relationship
A grand total of 38 and 46% of the Lepeophtheirus salmonis added to the fish were lost from communal and single fish tanks, respectively, during the trials. While the loss of female L. salmonis was similar, the loss of males was higher from single fish tanks than communal tanks, although significant only in Trial 2 (t = 4.24, p < 0.001) (Table 3, Fig. 2 ). The male:female sex ratio was >1 in communal tanks at the end of both Trials 1 and 2 (Table 3) , but in single fish tanks, with the exception of Trial 1, which followed a different experimental protocol than Trials 2−4, the male: female ratio was <1 (Table 3) .
While the loss of males remained constant, the loss of female lice varied significantly among Trials 2−4 (ANOVA, F 2, 54 = 6.01, p < 0.005; Fig. 3A) . However, the host size used increased in Trials 2−4 (Table 2) . When adding host size as a covariate, the loss of females did not vary significantly among trials (ANCOVA, F 2, 53 = 0.65, p < 0.53). Pooled data from Trials 2−4 show that the number of females lost decreased significantly with host weight (linear regression, F 1, 55 = 13.03, p < 0.0007, R 2 = 0.19, y = 2.02 − 0.0035x) while the loss of males did not vary with host size (linear regression, F 1, 55 = 3.63, p < 0.06, R 2 = 0.06, y = 1.94 − 0.0008x). Consequently, the density of females (lice cm −2 ) remained constant while the density of males displayed a decreasing trend among Trials 2−4 (Fig. 3B) .
Louse size and egg string length varied among trials (Fig. 4) . Also, the mean cephalothorax length of the remaining females decreased significantly with the number of females lost from their respective hosts, i.e. Trial 2: Although only ~70% of the males and females lost were collected in the nets during Trial 4, the estimates on daily lice loss based on these data show that both sexes were lost at a similar rate between Days 1 and 12, the mean instantaneous daily loss rate being 0.8 and 0.7% for males and females, respectively, over this period. For the remaining 36 d, the estimated loss rate was higher for males (0.8%) than for females (0.2%) (Fig. 6 ).
Power analysis
The basic loss of Lepeophtheirus salmonis observed during Trials 1−4 and the resulting distribution of lice provide a basis for evaluating the use of single fish tanks in L. salmonis efficacy assays. Table 4 shows the difference between means that can be detected at a given sample size with 80% power and α = 0.05, using a 1-tailed t-test and the standard deviations observed in Trials 1−4 (SD listed ) of lice remaining on hosts in single fish tanks in Trials 2−4. Squares: females; triangles: males. Note that the trials were carried out in succession and the host fish used were increasingly larger (see Table 2 for details). Whiskers = 95% CI Table 3 ). Given the present experimental design, this suggests that an efficacy assay designed to detect ≤50% effect on lice loss requires between 3 and 6 fish group −1
.
DISCUSSION
High quality experimental facilities and robust procedures for experimental infections with economical important parasites like salmon louse are crucial for future development of new treatment tools and to expand our knowledge about sea lice in general. Few parasite model systems exist and, due to the parasitic lifestyle, manipulation of these organisms is often very difficult. Recently, we have establish an efficient system for breeding and maintaining salmon louse strains ), and here we present a novel system for conducting high quality experiments with salmon louse. Single fish tanks provide an environment for hosting Lepeophtheirus salmonis where each fish represents an independent experimental unit as opposed to communal tanks where the infection level of a host is dependent on the other hosts present due to host change and louse predation by cohabitants (Morton & Routledge 2005) . In the present study, we have demonstrated that small transparent tanks provide an environment where small salmon infected with salmon lice thrive, in which the natural variability of lice loss from tanks is predictable and which allows efficacy assays to be carried out using single fish tank arrays within practical size limits. The system provides the means to collect detached lice shortly after detachment and to obtain precise mortality curves from individual hosts. In this way, more precise effects on both lice loss and the detached lice themselves can be measured in RNA interference (RNAi) and vaccine studies on motile L. salmonis. This also allows efficient and precise dose-efficacy assays to be performed in an array of tanks where individual bath treatments can be given to each host fish, or alternatively, where individual host-feeding can be monitored. Furthermore, host transfer (Ritchie 1997 , Hull et al. 1998 ) and agonistic host behaviour (Dawson et al. 1999) does not obscure vital information on host−parasite relationship; thus, the system will increase precision in a wide range of studies.
Single fish tank performance
The ideal single fish tank array consists of small tank units in which solitaire fish thrive. Lice detaching from the host fish should be collected immediately after detachment and not be given the chance to re-attach or to be eaten by its host fish. To achieve this, the test tanks used were transparent to reduce the impression of space restriction and to avoid fright reactions caused by sudden visual cues from above (which occur when approaching common tanks with non-transparent side walls; authors' pers. obs.). The water inlet and outlet were placed at opposite ends of the tank providing a directional flow of current through the tank. Food was administered at the water inlet attempting to motivate the fish to remain in the flow of current hunting for food. The results showed that the fish lined up relatively quickly in the current flow, had good appetite and were calm upon feeding and inspection. It is, however, apparent that the fish needed a longer time to adapt to the single fish tanks as compared to the communal tank, which after all represents an environment that the fish are already used to. This is also reflected in the lower condition factor observed among the fish hosted in the single fish tanks in Trial 1. However, after the fish had adapted to the new environment (Trial 2), the SGR was similar in the 2 tank types (Table 2) and not different from growth rates observed in other studies using communal tanks (Dawson et al. 1999) .
The nets straining the outlet water collected ~70% of the lice lost, suggesting that the test tanks used were somewhat sub-optimal with respect to precise registration and collection of detached lice. However, the test tanks were placed outdoors and wind often deflected the outlet water from the nets, or at times even removed some of the nets. Also, a forward moving current was observed along the sides of the tanks, thus allowing detached lice to be carried forward and eaten. On several occasions, lice were observed on the tank walls, and on a few occasions, decayed lice were found in the nets. Nevertheless, if imperfect filtering explained the majority of the unaccounted lice rather than the lice being eaten, the present tank units can be well suited for use in a single fish tank array. This question will, however, be answered when the tanks are mounted indoors with proper filtering.
Lice loss
The present study showed that the lice loss from individual fish in Trial 2 was independent of that experienced from the same fish in Trial 1. This is in accordance with the observations of Glover et al. (2004b) and Glover & Skaala (2006) , and suggest that in herent lice-rejecting properties of the hosts may not have been a major factor explaining the observed variation in lice loss. The lack of correlation between male and female loss in all trials may also be indicative of this, suggesting that the loss of male and (Jaworski & Holm 1992 , Glover et al. 2001 , 2004a ,b, Tucker et al. 2002b , Costello 2006 . In the present study, the host size range was small within trials, and it was difficult to obtain reliable information on the relationship between host size and lice loss. However, both the number of remaining females and host size increased successively in Trials 2−4, and host size alone could account for the variation in female loss among trials. Hence, we find it likely that the loss of female lice was host size dependent. Furthermore, hosts with a high loss of females also carried smaller females at sampling. Size-dependent loss rather than differential growth may explain this trend since the lice were almost fully grown at the start of the experiment. The trend was not observed in Trial 1, which was terminated ~1 wk after the females moulted into adults and before extrusion of first egg strings. Thus, it may appear that this selective loss mechanism is at play predominantly among adult females. Host anti-louse behaviour, like jumping and scratching, can in theory cause a size-dependent lice loss favouring the retention of smaller adult females.
Despite the fact that host size increased, the loss of males remained constant from the single fish tanks in Trials 2−4, and there was no significant relationship between host size and the loss of male lice in the pooled dataset. Since the male loss appears to be differentially influenced by host size compared to females, the sex ratio of adult Lepeophtheirus salmonis may in part be determined by host size. This concurs with previous studies showing that males are lost at a higher rate than females from large host fish ) and at a lower rate than females from small fish in communal tanks (Bjorn & Finstad 1998 , Tucker et al. 2002a ). Host density may also be a factor explaining the sex ratio of L. salmonis in experimental tanks. The loss of male lice from the communal tank in Trial 2 was significantly lower than from the single fish tanks, while the loss of female lice was similar (Table 3, Fig. 2) . Hull et al. (1998) demonstrated that the adult male inter-host transfer rate was 3.5 times higher than for adult mated females (see also Jaworski & Holm 1992) . Thus, the observed differential loss rate can be explained if male detachment is followed by reattachment among densely stocked hosts in communal tanks and loss in single fish tanks. The fact that the male:female sex ratio of adult L. salmonis is commonly <1 among wild hosts (Jacobsen & Gaard 1997 , Tingley et al. 1997 , Todd et al. 2000 ) and >1 among farmed hosts (Bron et al. 1993 , Todd et al. 2000 ) may also reflect this.
As demonstrated by Todd et al. (2005) , polyandry is common among Lepeophtheirus salmonis. This implies that after the initial mating with virgin females, males engage in further mating attempts on mature fertilized females carrying protective spermatophores from the first mating (Todd et al. 2005) . In Trial 4, most of the female population had molted into adults and become fertilized at age 48 d (Day 12, Fig. 4 ). Despite this, the daily instantaneous loss rate of males was not different during the first 12 d compared to the latter 36 d of the experiment. This suggests that the combined risk involved in male mating activity (mate search, competition for females and mating itself) did not change with the change in female population from pre-adults to mated adult females. The loss rate of females, on the other hand, was reduced post molting and/or fertilization (Fig. 4) , and the male loss rate during the latter 36 d of the experiment was consequently higher than for females.
CONCLUSION
We have shown that hosting lice on solitaire hosts in an array of single fish tanks is a feasible experimental approach since fish are able to thrive in the tanks and the natural loss of lice from the system is stable. Since the variability in lice loss between communal tanks can be high (see 'Introduction'), this system represents a tool that improves experimental precision in studies of sea lice. An array of small individual tanks may facilitate large-scale screening of drugs, RNAi candidate genes and vaccine components since few hosts are required for detection of abnormal lice loss. The loss of adult females appeared to be a process somewhat selective against large individuals, and we suggest that both host size and host density are factors determining the lice loss and sex ratio of adult Lepeophtheirus salmonis in experimental tanks. We did not find evidence suggesting that individual variation in host immune response was a vital factor explaining the variation in loss of pre-adult/adult lice. However, dedicated studies are required to draw reliable conclusions on this topic. 
